Schistosomiasis mansoni is a major helminthic disease in tropical areas, with . 100 million infected individuals [1] . Within the mammalian host, the female worms lay eggs in the mesenteric vasculature. The eggs pass into the lumen of the intestine and are excreted via the feces. Previous observations indicated that, in vitro, eggs attach to endothelial cells and induce cell migration [2] . More than 50% of the eggs laid in the mesenteric vasculature are carried away by the portal circulation and lodge in the liver. Within the tissues, schistosome eggs secrete a variety of soluble products, referred to collectively as "soluble egg antigen" (SEA), that promote egg attachment to endothelial cells [3] and induce T cell-mediated granuloma formation [4, 5] . The granulomas play a protective role, because they prevent toxic effects of SEA on the liver parenchyma; in T cell-depleted and athymic nude mice, both of which make minimal granulomatous responses to schistosome eggs, hepatic necrosis occurs [6] [7] [8] [9] . However, granuloma formation and subsequent fibrosis occlude the hepatic portal circulation [10] , leading to portal hypertension, varicosity of veins, and bleeding, the major cause of morbidity and mortality in this disease [11, 12] . Total hepatic blood flow remains normal in mice with hepatosplenic schistosomiasis [13] , due to utilization of collateral circulation for bypassing obstructed vessels [10, 14] .
Endothelial cell activation occurs during egg-induced granuloma formation, as indicated by in vitro observations showing increased expression of intercellular adhesion molecule (ICAM)-1 [15] . ICAM-1 expression on activated endothelial cells allows the adhesion of lymphocyte function-associated antigen-1 + leukocytes and promotes extravasation [16, 17] . ICAM-1 expression is necessary for optimal granuloma development, as shown by decreased granuloma size in Schistosoma mansoniinfected mice treated with anti-ICAM-1 serum [18] . In addition to adhesion molecule expression, endothelial cell activation in the Schistosoma-infected liver results in formation of a meshwork of new capillaries in periportal areas, generally not extending into liver lobules [10, 19] . Endothelial cell activation, both within and at the periphery of hepatic granulomas in Schistosoma-infected mice, has also been demonstrated by increased factor VIII-related antigen immunoreactivity [20] . Angiogenesis is a complex process, during which endothelial cells alter their shape, degrade surrounding basement membrane, proliferate, migrate, differentiate into vascular tubes, align, and achieve vascular patency [21] . It is our hypothesis that adherence of schistosome eggs to endothelial cells, as well as factors secreted by the schistosome egg, triggers endothelial cell activation that culminates in neovascularization of the granulomas. SEA was shown earlier to induce proliferation of endothelial cells [22] ; in the present study, we investigated the effects of SEA on additional angiogenesis-related processes.
Materials and Methods
SEA preparation. SEA was prepared from homogenized schistosome eggs, as described elsewhere [4] . The preparation was absorbed with polymyxin-coupled beads to remove possible lipopolysaccharide (LPS) contamination, because LPS has been shown to induce angiogenesis-related processes in endothelial cells, including vascular endothelial growth factor (VEGF) expression [23] and activation of matrix metalloproteinase-2 [24] . LPS was not detected by the amebocyte lysate assay.
Human umbilical vein endothelial cell (HUVEC) culture and SEAinduced proliferation. Mycoplasma-free HUVECs were obtained from Clonetics (BioWhittaker) and were grown in 75-cm 2 tissue culture flasks (Corning) containing endothelial cell basal medium (Clonetics; hereafter, "basal medium") supplemented with 2% fetal bovine serum (FBS) and growth factors, as recommended by the manufacturer. Hereafter, this fully supplemented medium is referred to as "complete medium." HUVECs from passages 3-6 were used in these experiments. Cells were cultured in 5% CO 2 at 37 C. Cells were removed by trypsinization (trypsin/EDTA solution; Clonetics) and were resuspended to 4 £ 10 3 cells/mL in growth medium, then dispensed (1 mL/well) into multiple wells of 24-well flat-bottomed tissue culture plates (Corning). Incubation was continued for 24 h, after which cells were rinsed with Hepes-buffered saline solution (HBSS; Clonetics) and medium was replaced either with basal medium with 2% FBS alone ("basal medium with FBS") or with basal medium with growth factors but without FBS ("basal medium with growth factors"). After an additional 24 h, medium in cultures containing basal medium with FBS was replaced with complete medium, basal medium with SEA, or fresh basal medium with FBS. (SEA was used at a final concentration of 10 mg/mL protein in all experiments in this study.) Medium in cultures containing basal medium with growth factors was replaced by complete medium, basal medium with SEA, or fresh basal medium with growth factors. At 24, 48, and 72 h, cells in 6 wells per condition were trypsinized. Cells in each well were pelleted by centrifugation (125 g, 5 min), then were resuspended in 50 mL of complete medium and 50 mL of trypan blue (0.3%). Live cells were counted in a minimum of 9 hemocytometer fields, and the mean number of live cells per field was calculated. The mean number of cells per well was equivalent to the mean number of live cells/field £ 1000.
Schistosome egg-induced HUVEC proliferation. Female CBAJ k mice (Jackson Laboratories) were infected by subcutaneous injection of 30 cercariae of the Puerto Rican strain of S. mansoni. The mice were killed at 8 weeks postinfection and their livers were removed, and schistosome eggs were recovered by sedimentation from liver homogenates, as described elsewhere [4] . After 3 or 4 sedimentations, the eggs were devoid of extraneous tissue. Eggs were added in different numbers (50, 100, or 200), in 200 mL of basal medium with FBS, to HUVECs plated 2 days earlier in 96-well plates (2 £ 10 3 cells in 200 mL of complete medium; n ¼ 6 wells/condition). As described for SEA-induced proliferation, after the initial 24 h of culture in complete medium, HUVECs were cultured for an additional 24 h in basal medium with FBS only (no growth factors) before incubation with egg-containing medium. HUVECs in other wells were incubated with complete medium (positive control) or basal medium with FBS (negative control). [ 3 H]thymidine (25 mL of a stock solution of 20 mCi/mL) was added to each well. After overnight incubation, medium was removed, and cells were rinsed with HBSS and harvested with trypsin/EDTA, and cell-associated radioactivity was counted in a beta counter.
HUVEC tube formation. HUVECs were cultured in 75-cm 2 tissue culture flasks, as described above. After 3 days, cells were rinsed with HBSS, and medium was replaced for 4 h with basal medium. During this incubation, 500 mL of basal medium, basal medium with SEA, or complete medium was placed into 6 wells each of 24-well flat-bottomed plates coated with Matrigel (Becton Dickinson Labware). Each well contained 100 mL of a 1:1 mixture of Matrigel and basal medium. Cells were then trypsinized, pelleted by centrifugation, and resuspended to 4 £ 10 4 live cells/mL in basal medium, basal medium with SEA, or complete medium. To each well containing the appropriate medium and Matrigel (n ¼ 6 wells/ condition), 500 mL of cells was slowly added, to yield a final concentration of 2 £ 10 4 cells in 1 mL of medium in each well. After incubation for an additional 18 h, medium was removed, and the cells were fixed in 10% neutral buffered formalin, then stained with Wright Giemsa stain (Sigma Chemical). Cells were photographed at 40£ total magnification (objective, 4£; eyepiece, 10£). Using the 4£ objective, the diameter of each well was found to be equivalent to the diameter of 3 microscope fields. The center field in each well was photographed, generating 172 £ 254-mm photographs of each field, and the total tube length (cell body plus tubelike processes) in each photograph was measured by an investigator blinded to the identity of the experimental condition.
HUVEC apoptosis. HUVECs were grown overnight in 6-well plates at 9 £ 10 4 cells/well in 3 mL of complete medium. The following day, medium was removed, and cells were rinsed with HBSS. Then 2 mL of complete medium, basal medium, or basal medium with various combinations of SEA, growth factors, and FBS was added to appropriate wells (n ¼ 6 wells/condition). Incubation was continued for 24 h. Both adherent and nonadherent cells in each well were then stained with annexin V (PharMingen) for cell-surface expression of phosphatidylserine, an early marker for apoptosis [25] . The medium, with nonadherent cells, from each well and cells removed by trypsinization were centrifuged at 125 g for 10 min, after which cell pellets were resuspended in the fluid remaining in each tube (150-200 mL), followed by the addition of 50 mL of biotinylated annexin V (PharMingen) diluted 1:17 in annexin V binding buffer. Tubes were incubated at room temperature for 20 min, and cells were washed twice with binding buffer. Pellets were again resuspended in residual fluid, and 50 mL of buffer containing streptavidin-fluorescein isothiocyanate (PharMingen; 1:50 dilution) and propidium iodide (PI; Sigma; 1:250 dilution of 2.5 mg/mL stock solution) was added. Incubation continued for 20 min at room temperature in the dark. Cells were washed with binding buffer, were resuspended in buffer, and then were evaluated with a FacScan flow cytometer (Becton Dickinson). Dead cells and debris were excluded from analysis by gating on forward and side scatter, and the percentage of annexin V-positive cells in the viable (PI-negative) cell population was determined in 10,000 events for each sample.
Reverse-transcription (RT) polymerase chain reaction (PCR) assays. HUVECs were grown in 75-cm 2 tissue culture flasks, as described above. When cultures were 70% confluent (3-4 days), complete medium was replaced with basal medium with serum, without growth factors. After 20 h, medium was replaced with basal medium with FBS, basal medium with FBS and SEA, or complete medium. Incubation was continued for an additional 4 h, and then cells were harvested by trypsinization. The cell pellet was frozen in liquid nitrogen and was stored at 2 70 C. RNA was isolated, and RT was performed, as described by Gerard et al. [26] . PCR was run on 5 mL of the RT product, using oligonucleotide primer pairs for VEGF and its receptors, fms-like tyrosine kinase-1 (FLT-1) and kinase domain region/fetal liver kinase-1 (KDR/FLK-1) [27] , and basic fibroblast growth factor (bFGF) and its receptors, fibroblast growth factor receptor 1 (FGFR1) and fibroblast growth factor receptor 2 (FGFR2) [28] . PCR products were electrophoresed through a 1% agarose gel, stained with ethidium bromide, and visualized with a UV transilluminator. Bands were imaged with the Alpha Imager 2000 Documentation and Analysis System (Alpha Innotech). The relative densities of individual bands were quantified with OptiQuant Image Analysis software (Packard Instrument). The relative intensity of each PCR product was normalized to the intensity of the PCR product for the housekeeping gene b-actin from the corresponding tube before statistical analysis.
Statistics. Data were evaluated for statistical significance via the Kruskal-Wallis test. When between-group differences were present, the Mann-Whitney U test was used to determine the location of these differences. A level of P , :05 was accepted as significant except for annexin V data; because of the number of multiple comparisons in this data set, statistical significance was set at P , :01.
Results
Influence of SEA on HUVEC proliferation. The influence of SEA on endothelial cell proliferation was examined by substituting SEA for growth factors and FBS. The effects of SEA substitution for growth factors are shown in figure 1 . After 24 h of culture, the numbers of live HUVECs were similar between basal medium with FBS and basal medium with FBS and SEA. However, at 48 and 72 h, cell counts in basal medium with FBS and SEA were higher than those in basal medium with FBS alone (P ¼ :002 and .004, respectively). At these same time points, HUVEC proliferation was also significantly greater in basal medium with FBS and SEA than in complete medium. Cell counts in complete medium were higher than those in basal medium with FBS at all time points.
In contrast, when SEA was substituted for FBS, HUVEC numbers remained stable but did not increase. At 48 and 72 h, cell counts in complete medium were greater than those in basal medium with SEA and growth factors. At 72 h, cell numbers in basal medium with SEA and growth factors were greater than those in basal medium with growth factors, because of decreased numbers of viable cells in the latter group (data not shown).
Influence of isolated schistosome eggs on HUVEC proliferation. Fifty, 100, and 200 eggs were added to sextuplicate wells. figure 2) .
Influence of SEA on HUVEC tube formation. To further evaluate the effects of SEA on HUVECs, tube formation on Matrigel, an in vitro model for angiogenesis, was examined. Tube formation in basal medium with SEA was intermediate between those observed in complete medium and in basal medium, in which little tube formation occurred (figure 3). Addition of SEA to basal medium significantly increased HUVEC tube formation, compared with basal medium alone (P ¼ :01).
Influence of SEA on HUVEC apoptosis. The stability of HUVEC numbers through 72 h, when cocultured with SEA and growth factors, suggested that overt cell death was prevented. showed an increase similar to that of VEGF (223%^64% of control levels; n ¼ 8).
Discussion
Following oviposition, schistosome eggs carried into the liver lodge in the presinusoidal capillaries. The eggs are in intimate contact with the capillary endothelium before and during the generation of the granulomatous response. In florid granulomas, an increased vascular supply is present in the periphery of hepatic granulomas [10, 20] . The demonstration by Freedman and Ottesen [22] that SEA, in combination with FBS, can stimulate HUVEC proliferation suggested that secretory products of the schistosome egg might contribute to endothelial cell activation in the granuloma. The activated endothelium may subsequently promote the inflammatory response, granuloma formation, and vascularization. The present study has characterized the effects of SEA on various aspects of angiogenesis.
HUVECs require both growth factors and FBS to proliferate in vitro. We confirmed the finding of Freedman and Ottesen [22] that SEA, when substituted for growth factors, synergized with FBS in supporting HUVEC proliferation (figure 1). However, when SEA was substituted for FBS in culture medium, cell numbers were unchanged through 72 h. These results suggest that SEA stimulates proliferation of endothelial cells via a growth factor-like mechanism. That SEA alone, and not a contaminant from mouse liver tissue, was responsible for the proliferative effect was confirmed by coincubation with HUVECs of isolated, repeatedly sedimented and washed eggs devoid of tissue con- Schistosome Egg Antigens and Angiogenesistaminants. Cell proliferation, attributable solely to egg secretions, also occurred under these conditions (figure 2). That such proliferation precedes angiogenesis in vivo was further confirmed by tube formation on Matrigel, a tumor-derived basement membrane, composed of laminin, collagen, and entactin [29] , that is commonly used as an in vitro model for angiogenesis. We found that SEA indeed promoted differentiation of endothelial cells into vascular tubes on Matrigel. Because this effect occurred in the absence of FBS, our results suggested that SEA exerted growth factor-like effects on tube formation, similar to its effects on endothelial cell proliferation.
HUVECs are sensitive to in vitro growth conditions, and, when deprived of serum and growth factors, they undergo apoptosis. Maintenance of cell viability for 72 h in basal medium supplemented with SEA and growth factors, but not with growth factors alone, suggested that SEA might exert a cytoprotective, antiapoptotic effect, in addition to its proliferative and tube-forming effects. This was confirmed by annexin V staining (figure 4). Remarkably, SEA alone, in the absence of both serum and growth factors, significantly reduced apoptosis. This observation may have important in vivo applications. Endothelial cells in presinusoidal capillaries are, presumably, deprived of nutrients when blood flow is occluded distal to where the schistosome eggs lodge. The antiapoptotic effect of SEA could, conceivably, facilitate short-term survival of endothelial cells under these suboptimal conditions. Apoptosis is an important mechanism for regulating angiogenesis and inducing regression of vessels [30] ; therefore, antiapoptotic activity by SEA might also promote angiogenesis within the granuloma.
The role of VEGF in inducing angiogenesis in neoplasia has been extensively described [31, 32] , along with, to some degree, its role in granuloma models [33, 34] . Hypoxia is a major inducer of VEGF expression [35] ; many other regulatory factors have also been documented, including low glucose concentration [36] , acidic pH [37] , inflammatory cytokines [38] , mitogen-activated protein kinases, hormones, prostaglandins, nitric oxide, and stimulators of adenylate cyclase [39] . The present study reports the novel finding that a parasite secretory product, SEA, is capable of inducing VEGF expression in human endothelial cells. Increased VEGF expression following endothelial cell incubation with SEA suggests that this protein may play an important role in inducing angiogenesis in the schistosome granuloma. In addition to SEA, other factors are likely to be involved in granuloma angiogenesis. In solid tumors, altered microenvironmental conditions (hypoxia, acidic pH, and low glucose concentration) induce neovascularization, in part, through increased VEGF expression [35] [36] [37] ; if schistosome eggs lodged within presinusoidal capillaries occlude blood flow sufficiently to produce these conditions in the developing granuloma, as suggested by the observations of Bloch et al. [14] , then this would be another mechanism by which VEGF expression would be up-regulated and angiogenesis promoted.
Up-regulation by SEA of VEGF expression in endothelial cells is compatible with our finding that it exerted proliferative, tubeforming, and antiapoptotic effects on HUVECs by growth factorlike activity. Indeed, VEGF has been demonstrated in vitro to induce these effects on endothelial cells [40] [41] [42] . The effects of SEA on HUVECs in the present study are, therefore, likely to have been mediated, at least in part, through increased VEGF expression. Thus, VEGF up-regulation offers one pathway by which SEA can promote neovascularization in the schistosome granuloma. In addition to allowing maintenance of normal hepatic blood flow, neovascularization in the schistosome granuloma may be necessary to maintain oxygen and nutrient levels in the granuloma, as it does in rapidly growing tumors [43] , and also to facilitate leukocyte trafficking [44] .
In summary, our data serve as a model to indicate that SEA may contribute to angiogenesis in the schistosome granuloma by exerting multiple effects on endothelial cells, including induction of proliferation, promotion of tube formation, and inhibition of apoptosis. These effects appear to be mediated, at least in part, by up-regulation of endothelial cell expression of VEGF. The role of SEA and identification of the factor(s) responsible for the induction of VEGF in the vascularization of schistosome granulomas merit further attention.
